Light Loop Echoes and Bhnking Black Holes 
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Radiation emitted near a black hole reaches the observer by multiple paths; and when this radi- 
ation varies in time, the time-delays between the various paths generate a "blinking" effect in the 
observed light curve L{t) or its autocorrelation function ^(T) = {L{t)L{t — T)). For the particularly 
important "face-on" configuration (in which the hole is viewed roughly along its spin axis, while the 
emission comes roughly from its equatorial plane - e.g. from the inner edge of its accretion disk, or 
from the violent flash of a nearby/infalling star) we calculate the blinking in detail by computing 
the time delay Atj{r,, a) and magniflcation fij{r,,a) of the jth path (j — 1, 2, 3, . . .), relative to the 
primary path {j = 0), as a function of the emission radius r, and black hole spin < a/M < 1. 
The particular geometry and symmetry of the nearly-face-on conflguration enhances and "protects" 
the blinking signal, making it more detectable and more independent of certain astrophysical and 
observational details. The effect can be surprisingly strong: e.g. for radiation from the innermost 
stable circular orbit ("ISCO") of a black hole of critical spin {Odit/M « 0.853), the j = 1, 2, 3 fluxes 
are, respectively, 27%, 2% and 0.1% of the j = flux. 
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Light rays are bent as they pass through curved re- 
gions of spacetime. To date, physicists have only de- 
tected rays with tiny bending angles (<C 2tt, even in the 
famous "strong-lcnsing" systems, where galaxies appear 
to be stretched into banana-shaped arcs on the sky). On 
the other hand, rays that pass very near a black hole can 
experience large bending angles, and even be bent into 
"light loops" that circle the hole once or more before pro- 
ceeding to the observer [l[ (see Fig. 1). Detection of such 
highly bent rays would provide an unprecedented test of 
strong-field general relativity, and a precious new window 
onto the physics and astrophysics near black holes. 

Previous authors have suggested various ways to look 
for these light loops observationally [2"t5i. In this paper, 
we investigate a different strategy. We start from the 
idea that the emission from an intrinsically time- varying 
source very near a black hole will reach the observer by 
multiple paths; and the time-delay between the differ- 
ent paths will induce a characteristic "blinking" signal 
in the observed light curve L(t) or its auto-correlation 
fimction ^(T) = {L{t)L{t~T)) . From here, we are led to 
focus on the "face-on" or "right-angle" configuration (in 
which the hole is viewed roughly along its spin axis, while 
the emission comes roughly from its equatorial plane - 
e.g. from the inner edge of its accretion disk, or from 
the violent flash of a nearby/infalling star). As we shall 
explain, a variety of mathematical, astrophysical and ob- 
servational considerations point to this configuration as 
being of special importance when it comes to detecting 
blinking black holes: just as the nearly-straight-line con- 
figuration of Fig. la is the ideal geometry for ordinary 
gravitational lensing, the nearly-face-on configuration of 
Fig. lb may be regarded as the ideal geometry for blink- 
ing black holes. For this configuration, we compute the 
blinking signal in detail (by computing the time delay 
Atj and magnification of each light loop relative to 
the primary light path) as a function of: (i) the distance 




FIG. 1: Schematic light loops: (a) the standard straight-line 
conflguration; (b) the right-angle/face-on conflguration. 



between the hole and the source, and (ii) the spin 
< a/M < 1 of the hole. The blinking signal can be 
surprisingly strong, and we hope it may be detectable. 

To see how we might try to detect light-loops, it is 
useful to start by understanding why, at first glance, the 
task seems practically impossible! Consider the standard 
gravitational lensing configuration, in which the lens is 
nearly aligned between the source and the observer, and 
far away from both (Fig. la). If the lens is a non-spinning 
(Schwarzschild) black hole of mass M, the observer sees 
an infinite series (j = 0,1,2,...) of concentric Einstein 
rings on the sky [l| : the outer [j = 0) ring is the ordinary 
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one, while the inner (j > 1) rings are due to hght loops 
with bending angles ss 27rj. The j > 1 rings are 
extremely dim relative to the j = ring. To see this, 
note that the bending angle a depends on the impact 
parameter b as: a{b) « 4M/b (for small a) and a{b) « 
ln[3.48M/(6- 6cr)] (for large a) where b„ = iy/SM. 
Given this, standard lensing analysis Q implies that, in 
the limit of perfect source/lens/observer alignment, the 
magnification fij of the jth image (j > 1) relative to the 
0th image (rather than the unlensed image) is 
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where Dg is the observer-source distance, is the 
observer-lens distance, and Dj^g is the lens-source dis- 
tance. This expression seems discouraging for two rea- 
sons: (i) the factor in square brackets looks tiny because 
in ordinary lensing D^, Ds and D^s are enormous rel- 
ative to the Schwarzschild radius 2M of the lens; and 
(ii) the factor e~'^^^ says that to see highly bent rays, we 
must pay an exponential price (as the bending angle a 
increases, the magnification of the corresponding image 
is suppressed by e~"). But before getting discouraged, 
note that we can improve the situation dramatically via 
the following two tricks. First, if we bring the source near 
the lens, so that Dj^g ~ M, and hence sa Dg, then 
the factor in square brackets will be 0(1). Second, if 
we switch from the straight-line configuration of Fig. la 
to the right-angle configuration of Fig. lb, then instead 
of successive images being suppressed by e"^"^ sa 0.0019, 
they are only suppressed by e~'^ ~ 0.043. 

Nature may be kind enough to provide astronomical 
systems that take advantage of these two tricks. For ex- 
ample, a black hole is often surrounded by an accretion 
disk whose inner edge Q lies near the hole's innermost 
stable circular orbit or "ISCO" and can be a strongly 
time-varying radiation source; furthermore, many such 
holes (especially those that have grown significantly via 
accretion) are thought to be rapidly spinning which 
brings the ISCO even closer to the hole (see Fig. 2a). The 
Bardeen-Petterson effect Q tends to align the inner ac- 
cretion disk with the equatorial plane of a spinning hole, 
so the right-angle configuration of Fig. lb corresponds 
to viewing the inner accretion disk nearly face-on, and 
nearly along the hole's spin axis. With this initial mo- 
tivation, let us now do a full calculation of the blinking 
signal generated by a spinning black hole in the face-on 
geometry. As we proceed, we will encounter a variety of 
other reasons to be interested in this configuration. 

A spinning black hole of mass M and spin a is de- 



scribed by the Kerr metric [10| (see |ll[4l3| for an in- 
troduction). We use Boyer-Lindquist coordinates and 
choose units with G = c = M = 1 so that all quanti- 
ties become dimensionless and < a < 1. Light rays 
are the null geodesies of this metric. Along any such 
geodesic ^^(A), with tangent vector p'^ = dx^ /d\, there 




FIG. 2: Panel a: rph,eq, '"mb and nsco are, respectively, the 
innermost , innermost bound, and innermost stable circular or- 
bits [l|, The polar [L^ = 0) photon orbit has radius 
J^'ph.poi, which intersects nsco at the critical spin acrit ~ 0.853. 
Panels b,c: Time delay Afj(r», a) and magnification jJ.j{r^, a) 
of the j = 1,2,3 paths relative to the j — path, for 
r, — r'pii,oq (dashed blue curve), r, = r^b (dotted red curve), 
and r, = risco (solid black curve). The solid grey curve in 
Panel b is the orbital period at risco; note that it is consider- 
ably longer than the separation between blinks. 



are 3 conserved quantities: the energy E = —pt, the ax- 
ial angular momentum — Ptp, and the Carter constant 
Q = Pe + cos^ (^') [pI, /sin^ (0) — a^pl] . We rescale the aflSne 
parameter A by a constant so that E = \. Let us start 
by imagining that a source in a nearly circular equatorial 
orbit around the black hole emits a flash that is isotropic 
in the rest frame of the source. The null geodesies con- 
necting the flash at [r = r^,9 = 7r/2) to the face-on 
observer at (r — oo, 6 — 0) form an inflnite series labeled 
by a non- negative integer (j = 0,1,2,...). Along the 
jth geodesic the polar angle 9 varies by a total amount 
/ \d9\ — {2j + l)7r/2, as shown in Fig. lb; the azimuthal 
angle also varies (/ \d(p\ ^ 0), but we do not need to com- 
pute this variation in order to predict the blinking signal 
in the face-on limit. The jth geodesic is characterized by 
vanishing axial angular momentum Lz = 0, and a posi- 
tive Carter constant Qj{r^,a) > 0, which is determined 
by the requirement that r and 9 obey the relevant first 
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as well as the boundary conditions described above. In 
practice, we must solve for (5j(r, ,a) numerically. In do- 
ing so, note that when j > 1 and r» is sufBcicntly large, 
the geodesic initially heads inward {dr/dt < 0), reaches a 
radial turning point at R{r) = 0, and then heads outward 
{dr/dt > 0) to the observer. 

Given Qj{r*,a), we use Eqs. (180,185,186) in Sec. 62 
of [l3| to find the observed time delay Atj (r* , a) — tj — to 
between the jth and 0th flashes. We can also use 
Qj (r* , a) to compute fij , the ratio between the observed 
energy flux in the jth flash and the 0th flash, as follows. 
The observed energy flux in the jth flash is the prod- 
uct of its surface brightness Ij and its apparent angular 
size dflj. But, for the face-on observer, each copy of 
the flash (j = 0, 1, 2, . . .) has the same surface brightness 
I ^ Jq Iiydv, where is the specific intensity. [To see 
this, first note that Ivjv^ is the same in all Lorentz frames 



and conserved along a photon geodesic [IJ]. Next note 
that the ratio t'o/^'e between the observed frequency of 
a photon [vo] and the frequency it had in the rest frame 
of the equatorial circularly-orbiting emitter (y^ depends 
on Lz, but not on Q 0, for our face-on observer, 

who only receives photons with = 0, the ratio is j- 
independent. In other words, there is no relative redshift 
between the various copies of the flash received by the 
face-on observer. Since Ii, was isotropic in the emitter's 
rest frame, l,j and / arc also j-independent.] Thus, /ij is 
just the ratio dflj/dflo between the apparent size of the 
jth flash {dQ.j) and the 0th flash (drio), which may be 
calculated, given Qj{r^,a), as explained in See 
Figures 2 and 3. 

Next, instead of a flash, let the emission have arbi- 
trary (perhaps unknown or stochastic) time variation. 
If the j = photons reach the face-on observer with 
light curve Lo{t), then the full light curve, including light 
loops, is L{t) = X^jlo ^^i)' '^h^re /ig = 1 and 
A^o = 0; and if the emission is characterized by autocor- 
relation function ^o(T)= {Lo{t)Lo{t — T)), then the ob- 
served autocorrelation function, including light loops, is 
aT)^{Lit)Lit~T)) = Erfc=p/^.A^fceo[T+(Ai,- At,)]. 
Given a promising astronomical source, these formu- 
lae for L{t) and ^(T) correspond to two strategies to 
search for blinking (see Fig. 4). (i) Given (theoretical 
or empirical) information about the emitted light curve 
(oc Lo{t)), one can construct a family of blinking light 
curves L{t,r^,,a, M) that may be correlated/fit to the 
data, much as the LIGO experiment uses "matched fil- 
tering" to search its noisy data for predicted gravitational 
waveforms, (ii) Alternatively, we can search for blinking 
in the auto-correlation function ^(T). This is better for 
sources that exhibit continuous and random variability, 
rather than short well-separated bursts; and it has the 
advantage that ^(T) needn't be measured on a flare- by- 
flare basis - rather, one can accumulate better statistics 
over time {e.g. over many flares, or many observations). 

The symmetry of the face-on configuration makes the 





— 3 = ^ 










- 


— T^^^ 


■ 






(a) 


■ ■ ^ 


■ ■ i 1 ■ ■ ■ 1 ■ ■ ■ 


1 ■ ■ ■ 

(b) _ 















r/M 



FIG. 3: Time delay Atj(r,,a) and magnification ^j{r,,a) of 
the j = 1,2,3 paths relative to the j = path, as a func- 
tion of emission radius r* > rph,cq, for holes that are non- 
spinning {a/M — 0, red dotted curves) and maximally spin- 
ning {a/M — 1, black solid curves). The solid grey curve in 
Panel a shows the orbital period (for a/M = 1); again note 
that it is considerably longer than the blink separation. 



blinking more robust and independent of certain astro- 
physical and observational details, in two ways. First, 
since Atj and fij depend on the radius r*, but not on 
the azimuthal angle (ys, of the emission, the face-on light 
curve is sensitive to the total emission from the equa- 
torial ring of radius r, , not its ip^ profile. Second, 
there is no relative redshift between the various paths 
(j = 0, 1, 2, . . .), so each blink Lj{t) is a shifted copy of 
the primary Lo(^); to compute the effect, we don't need 
to know the frequency spectrum of the source, or the 
frequency band of the detector. Farther from the face- 
on view, the time delays, magnifications and redshifts of 
the various paths are increasingly dependent, and the 
blinking features in ^(T) are increasingly smeared out. 

Refs. 0, Q consider a source that circularly orbits in 
the equatorial plane near a black hole and emits with lu- 
minosity that is constant (or long-lived relative to the or- 
bital period), and calculate how the observed light curve 
L{t) oscillates with the orbital period. (In Q the source is 
a star; in Q it is a hotspot orbiting in the accretion disk.) 
This oscillation (which we call "time-dependent lensing" 
or "TDL") is complementary to our blinking signal in 
several respects. TDL is due to the source's -motion 
and (^^-localization, not its intrinsic variability; by con- 
strast, blinking is due to the source's intrinsic variabil- 
ity, not its (p*-motion or (^^-localization. In the face-on 
configuration, where we have argued that blinking is op- 
timal, TDL vanishes; and in the edge-on configuration, 
where TDL is strongest, blinking is smeared out [in ^(T), 
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FIG. 4: For a = flcrit ~ 0.853 and r, — risco: (a) example light 
curve L{t) and (b) example autocorrelation function (,{T). 



not If the observer is sufficiently face-on, blinking 

dominates over TDL; if the observer is sufficiently non- 
face-on (and the source's emission is sufficiently constant 
and (/9*-localized), TDL dominates over blinking. Ob- 
servers who are more "edge-on" may (in some cases, and 
at some frequencies) find the TDL signal obscured by 
dust; observers who are more "face-on" may (in some 
cases and at some frequencies) find the blinking signal 
obscured by a jet. 

In calculating the blinking signal, we have assumed 
that the region near the hole, where the rays propagate, is 
optically thin. For many systems, this assumption should 
be valid, at least in certain wavelength ranges. One also 
expects the optical depth to drop sharply inside the ISCO 
0; and since the highly bent rays that ultimately reach 
the face-on observer do most of their bending very near 
the polar {Lz = 0) photon ring, whose radius is 
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there is a critical value of the spin, Ocrit ~ 0.853, at 
which Hsco = rph,poi (Fig. 2). For a < Ocrit (a > Ocrit), 
the j > 1 hght loops intersect the equatorial plane in- 
side (outside) the ISCO, where one can be more (less) 
confident that the accretion flow is optically thin. If 



the optical depth along a given path, Tj{r^,,a), is not 
negligible, we should make the replacement fij{r^,,a) — 
exp[ro(7%,a) - Tj{rt,a)]^^j{r^,a). 

Many issues deserve further consideration. Our anal- 
ysis should be extended to non-face-on configurations, 
and more realistic models of the emission and optical 
depth. Early on, we evoked a picture in which the emis- 
sion comes from the inner accretion disk; but our analysis 
applies to more general systems, and it is worth think- 
ing broadly about the possibilities. Which astronomical 
systems might display blinking? Certain stellar mass, 
intermediate mass, or supermassive black hole systems? 
Which observational frequency bands and techniques are 
most promising? Could a signal already be lurking in any 
existing (e.g. radio, optical, x-ray, or gamma-ray) data 
sets? Might gravitational wave detectors help us to lo- 
cate suitable black hole systems? It may even be worth 
mentioning that the blinking effect is not restricted to 
electromagnetic emission: if a supernova explodes near a 
black hole, we might see blinking in its neutrino signal; or 
if two (stellar-mass) compact objects merge near a (su- 
permassive or intermediate-mass) black hole, we might 
see blinking in their gravitational wave signal. Is black 
hole blinking detectable? We hope this paper will en- 
courage further consideration of this important question. 

We are grateful to Avery Broderick, Chris Hirata, Mike 
Kesden, Norm Murray and Chris Thompson for valuable 
feedback. LB thanks the CIFAR JFA for support. 
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